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Introduction 30
The star-fruit plant (Averrhoa carambola L.), a member of the Oxiladacea family, is a 31 medium-size tree which is distinguished for its unique and attractive star shaped fruit. 32
A. carambola is widely distributed around the world, especially in tropical countries, 33 such as India, Malaysia, Indonesia, and the Philippines and is considered as an 34 important species, and thus it is extensively cultivated in South-east Asia and Malaysia 35
Results 66
Genome assembly and evaluation 67
Based on the k-mer analysis, the total number of 35,655,285,391 kmers were used, with 68 a peak coverage is 75. The A. carambola genome was estimated to be ~475 Mb in size 69
( Supplementary Fig. 1) . To perform the assembly, a total of 156 Gb clean reads were 70 utilized by Supernova v2. Embryophyta odb9. The result showed that 1327 (92.20%) of the expected 1440 75 conserved plant orthologs were detected as complete ( Supplementary Table 1 ). 76 77
Genome annotation 78 A total of 68.15% of the assembled A. carambola genome was composed of repetitive 79 elements ( Supplementary Table 2 ). Among these repetitive sequences, the LTRs were 80 the most abundant, accounting for 61.64% of the genome. DNA class repeat elements 81
represented 4.19% of the genome; LINE and SINE classes encoded 0.28% and 0.016% 82 of the assembled genome, respectively. For the gene prediction, we combined 83 homology-and de novo-based approaches and obtained a non-redundant set of 24,726 84 gene models with 4.11 exon per gene on average. The gene length was 3,457 bp on 85 average, while the average exon and intron lengths were 215 bp and 827 bp, 86
respectively. The gene model statistics data compared with other seven homology 87 species are shown in Supplementary Fig 3. Functions were assigned to 16,490 (66.69%) 88
genes. These protein-coding genes were then subjected for further exploration against 89 KEGG, NR and COGs protein sequence databases 14 , in addition to SwissProt, and 90
TrEMBL 15 , and then InterProScan 16 was lastly used to identify domains and motifs 91
( Supplementary Table 3 , Supplementary Fig. 3 ). Non-coding RNA genes in the 92 assembled genome were also annotated. We predicted 759 tRNA, 1,341 rRNA, 90 93 microRNA (miRNA) and 2,039 small nuclear RNA (snRNA) genes in the assembled 94 genome ( Supplementary Table 4 Fig. 4 ). Since A. carambola is the first species with whole-genome 111 sequenced and assembled in the Oxalidaceae family, it is crucial to identify the 112 evolutionary position of this family. 113
We also analyzed the expansion and contraction of the gene families between 114 species using CAFÉ. The result showed that 888 gene families were substantially 115 expanded and 15,724 gene families were contracted in A. carambola (Fig. 1) ,in total, 116 2,916 and 6,057 genes of A. carambola were identified from expanded and contracted 117 families, respectively. which the contraction was about 17 times more than expansion. 118
Later, the Gene Ontology (GO) and KEGG functional enrichment analyses were 119 performed for all expansion gene families. The KEGG pathway enrichment analysis 120 results are shown in Table 2 and the GO enrichment are listed in Supplementary Table  121 6. In a previous study, researchers had isolated the flavonoids from the fresh fruit of A. 122 carambola, which are known to reduce the harmful inflammation 19 . In our study, the 123 flavonoid biosynthesis pathway was found to be significantly enriched in the expanded 124 families. Terpenoids are yet another important type of compound which has been 125 isolated from star fruit 20 , which has been proven to exhibit anti-inflammatory activities. 126
A. carambola likely synthesize terpenoids via the Diterpenoid biosynthesis pathway. 127 128
Identification of vitamin C, vitamin B2, and flavonoids pathway 129
The star-fruit is an excellent source of various minerals and vitamins, especially for 130 natural antioxidants such as L-ascorbic acid (Vitamin C) and flavonoids 1, 19 . Through 131 the ortholog search in the KEGG pathway, we identified the enzymes which are 132 potentially involved in the vitamin C, vitamin B2 and flavonoid synthesis pathway in A. 133
carambola. 134
In a previous report, a major component of plant ascorbate was reported to 135 synthesize through the l-galactose pathway 21 , in which GDP-d-mannose is converted 136 to l-ascorbate by four successive intermediates, as summarized in Fig. 2A . Laing et al. 137 22 reported the identification of l-galactose guanylyltransferase encoding homologous 138 genes from Arabidopsis and kiwifruit which catalyzes the conversion of GDP-l-139 galactose to l-galactose-1-P. In this study, five necessary enzymes -GalDH, GalLDH, 140
GGalPP, GalPP, and GME, were identified, which are involved in the vitamin C 141
pathway, suggesting the possibility of ascorbic acid synthesis in the star-fruit (Table 3) . 142
On the other hand, we also identified the possible enzymes involved in riboflavin 143 (vitamin B2) biosynthesis pathway in the star-fruit ( Fig. 2B , Table 3 ). Through the 144 catalyzation by RIB3, RIB4, and RIB5, the D-Ribulose 5-phosphate compound can 145 finally produce the riboflavin. 146
In the A. carambola gene family analysis, the KEGG pathway enrichment analysis for 147 the expanded gene families revealed that 17 genes participates in flavonoid synthesis 148 pathway (P-value = 0.03, Table 3 ). The previous studies proved that flavonoids can be 149 isolated from A. carambola and other plants from the Oxalidaceae family 1,9,19,23-26 . 150 Here, we identified 11 enzymes that could be potentially involved in the flavonoid 151 biosynthesis pathway ( Fig. 3 , Supplementary Table 7 proteins was consistent with other species, although its intron and CDS length tended 171
to be shorter than other species in the comparison (Supplementary Fig. 2) . The 172
proportion of predicted genes that contain InterPro functional domain is 52.3%, and 173
that can be aligned with NCBI nr database (66.4%) are the highest among all databases. 174
It is likely that A. carambola is so far the only species which has been assembled in the 175
Oxalidaceae family; there might be some evolutionary unique genes in this family 176 remaining to be annotated. 177
Later we performed gene family analysis together with the other ten species and 178
identified the significant expansion of 888 gene families contains 2,916 unique genes 179 in A. carambola. These genes have significantly enriched (P-value <= 0.05) within 28 180 GO classes, including 18 biological processes, 2 cellular component, and 8 molecular 181
functions ( Supplementary Table 6 ). The DNA binding biological process contained 182 the most genes (60) within the expanded families. Within the significantly enriched 183 biological processes, defense response to fungus might can be related to the anti-184 microbial property of star fruits in the previous studies 1 . On the other hand, we found 185 that oxidoreductase activity is enriched in the molecular function GO class, which could 186 be one of the potential reasons for the antioxidant activity in star fruits. Moreover, 187
within the enriched KEGG pathway, we identified the enzymes involved in three 188 metabolic pathways -vitamin C, vitamin B2, and flavonoid pathway. Although the 189 potential functional enzymes have been identified from the genome, those functional 190 pathways should be further verified by the experimental studies in the future. 191
In the summary, it can be expected that this draft genome will facilitate in 192
understanding the formation of specific and important traits in the star-fruit plant, such 193
as the discovery of biosynthesis pathways of pharmacologically active metabolites, and 194
in the improvement of breeding of strategies of the star-fruit plant. 195 196
Materials and methods 197
Plant materials and sequencing 198
The leaf samples of A. carambola were collected from the Ruili Botanical Garden, 199 Yunnan, China. The genomic DNA was extracted by using CTAB (cetyl-200 triethylammonium bromide) method 30 . The 10X Genome sequencing was performed 201
to obtain high-quality reads. The high-molecular-weight (HMW) DNA was loaded onto 202 a Chromium Controller chip with 10X Chromium reagents and gel beads, and rest of 203
the procedures were carried out as per the manufacturer's protocol 31 . Then, BGISEQ-204 500 platform to produce 2 × 100 bp paired-end sequences, generating a total of 183 Gb 205 raw data. The raw reads were filtered using SOAPfilter v2.2 with the following 206
parameters "-q 33 -i 600 -p -l -f -z -g 1 -M 2 -Q 20". After filtering low-quality reads, 207
around 157 Gb of clean data (high-quality reads >Q35) remained for the next step. 208 209
Estimation of A. carambola genome size 210
All the 157 Gb clean reads obtained from the BGISEQ-500 platform were subjected to 211 the 17 kmer frequency distribution analysis with Jellyfish 32 using the parameters "-k 212 17 -t 24". The frequency graph was drawn, and the A. carambola genome size was 213 calculated using the formula: genome size = k-mer_Number/Peak_Depth. 214 215
De novo genome assembly 216
The Linked-Read data were assembled using the Supernova v2.1.1 software using the 217 "--localcores=24 --localmem=350 --max reads 280000000" parameter. In order to fill 218 the scaffold gaps, GapCloser version 1.12 33 was used with the parameters "-t 12 -l 155". 219
Finally, the total assembled length of A. carambola genome was 470. Gene prediction 231
Prior to the gene prediction analysis, we masked the repetitive regions of the genome. 232
The MAKER-P v2.31 39 was utilized to predict the protein-coding genes based on 233 homologous, and de novo prediction evidence. For homologous-based prediction, 234
protein sequences of Theobroma cacao, Prunus persica, Prunus mume, Prunus avium, 235
Populus trichocarpa, Populus euphratica, and Arabidopsis thaliana were aligned 236 against A. carambola genome using BLAT 40 . Then, the gene structure was predicted 237 using GeneWise 41 . In order to optimize different ab initio gene predictors, we 238 constructed a series of training set for de novo prediction evidence. Complete gene 239 models by homologous evidence were picked for training in Augustus tool 42 . 240
Genemark-ES v4.21 43 was self-trained using the default criteria. The first round of 241 MAKER-P was also run using the default parameters on the basis of above evidences, 242
with the exception for "protein2genome" which was set to "1", yielding only protein-243 supported gene models. SNAP 44 was then trained with these gene models. Default 244 parameters were used to run the second and the final rounds of MAKER-P, generating 245 the final gene models. 246 247
Functional annotation 248
The predicted gene models were functionally annotated by aligning their protein 249 sequences against the Kyoto Encyclopedia of Genes and Genomes (KEGG) 45 Gene family construction and phylogenetic analysis 261
For gene family analysis, the OrthoMCL 17 software was utilized to construct 262 orthologous gene families on all the protein-coding genes of A. carambola and 12 263 sequenced plant species (B. napus, G. raimondii, H. brasiliensis, J. curcas, L. 264 usitatissimum, M. esculenta, P. euphratica, P. trichocarpa, P. mume, R. communis, T. 265 cacao, V. vinifera) . Before OrthoMCL, the BLASTP was used to find similar matches 266 from different species with an E-value cutoff of 1.0e-05. The composition of the 267
OrthoMCL clusters was used to calculated the total number of gene families. 268
Orthogroups that were single copy in all species analyzed were selected and aligned 269 using MAFFT v7.310 49 
